Introduction: Gap junctions (GJs) represent the best known intercellular communication (IC) system and are membrane-spanning channels that facilitate intercellular communication by allowing small signaling molecules to pass from cell to cell. In this study, we constructed an amino terminus of human Cx43 (Cx43NT-GFP), verified the overexpression of Cx43-NT in HUVEC cells and explored the impact of gap junctions (GJs) on multiple myeloma (MM). Material and methods: The levels of phosphorylated Cx43(s368) and the change of MAPK pathway associated molecules (ERK1/2, JNK, p38, NFκB) were also investigated in our cell models. Cx43 mRNA and proteins were detected in both MM cell lines and mesenchymal stem cells (MSCs). Dye transfer assays demonstrated that gap junction intercellular communication (GJIC) occurring via Cx43 situated between MM and MSCs or MM and HUVEC Cx43NT is functional. Results: Our results present evidence for a channel-dependent modulator action of connexin 43 on the migratory activity of MM cells toward MSCs or HUVECCx43-N was higher than those of spontaneous migration (p < 0.05) and protection them from apoptosis in the presence of dexamethasone via cytokines secretion. In the meantime, the migration of MM cells involves an augmented response of p38 and JNK signaling pathway of carboxyl tail of the protein. Conclusions: Our data suggest that GJIC between MM and MSCs is one of the essential factors in tumor cell proliferation and drug sensitivity, and is implicated in MM pathogenesis.
Introduction
Multiple myeloma (MM) is a fatal hematological malignancy that develops within the bone marrow microenvironment and is characterized by the uncontrolled clonal proliferation of malignant plasma cells within the bone marrow. It is known that MM-cell tumorigenesis results from a host of known and unknown genetic anomalies, including non-random translocations of genes that normally function as determinants of cell proliferation or cell survival to regions juxtaposed to active immunoglobulin heavy chain enhancer elements, chromosomal aneuploidy, somatic mutations that further affect oncogenic signaling and loss of heterozygosity of tumor-suppressor genes. However, it is critical to recognize that even in the setting of a genetic disease, the plasma cell tumor microenvironment (TME) contributes significantly to malignant transformation and pathogenesis [1] [2] [3] . The evidence continues to demonstrate that dynamic interactions between the MM cells and their TME profoundly influence the behavior of each other. How this microenvironment becomes so supportive of MM, and the contribution and interaction of the various components of the microenvironment to enhancing MM growth, are only beginning to be understood [4] [5] [6] . This microenvironment is composed of generically denominated stromal cells which include monocytes/macrophages, mesenchymal stem cells, adipocytes, immune cells, osteoclasts, osteoblasts and endothelial cells. Cell-to-cell contact between bone marrow stromal cells and MM cells has been recently proposed as a pivotal regulatory interaction in the growth and survival of malignant plasma cells [7, 8] .
Gap junctions (GJs) represent the best known intercellular communication (IC) system and are membrane-spanning channels that facilitate intercellular communication by allowing small signaling molecules to pass from cell to cell [9] . Multiple cell types in the bone marrow microenvironment, which express Cx43, include monocytes, dendritic cells, B and T lymphocytes, as well as MM cells [10] [11] [12] . Cx43 is essential for terminal differentiation of B and T cells when tested in Cx43-deficient mice; however, when Cx43 was missing in bone marrow cells alone, T cell development was normal [10, 13] . More than 20 connexin genes have been found in human and mouse genomes, and disruption of connexin expression often results in developmental defects and lethality [14] . Besides IC, connexins, especially Cx43, which has a relatively long C-terminal cytoplasmic domain, may serve as adaptor proteins and interact with the cytoskeleton and signaling molecules such as β-catenin, Src, protein kinase C, and MAPK [15] . Our previous studies [16] also demonstrated that osteoblasts induced from bone marrow mesenchymal stem cells (MSCs) supported survival and proliferation of MM cells. However, the specific role of Cx43 in the survival and migration of MM cells remains largely unknown. Therefore, in order to investigate the role of GJIC between MM and stromal cells, we constructed Cx43-NT over-expressing cells and attempted to determine whether the signaling mediated by the Cx43 C-terminal contributes to MM cell survival and migration and whether bone marrow stromal cell mediated GJ intercellular communication (GJIC) was responsible for the MM clonal expansion but no cytokine production of activated TME.
Material and methods

Cell lines and primary specimens
The myeloma cell line RPMI-8226 was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented with 10% FCS and 1% glutamine. Interleukin-6 dependent human myeloma cell lines XG1 were kind gifts from Prof. Zhang XG of Soochow University.
Primary MSCs were obtained from MM patients after informed consent was obtained, accord with the guidelines of the ethics committee of Soochow University Hospital. Four heparinized BM aspirates were collected from MM patients and the bone marrow mononuclear cells (BMNCs) were separated by Ficoll-Hypaque density gradient centrifugation. To purify the MSCs from BMNCs and remove hematopoietic stem cells, CD45 + cells were depleted by negative immunomagnetic cell selection using the Mini MACs device (Miltenyi Biotec, Germany) according to the manufacturer's instructions. Samples obtained before and after depletion of the CD45 + cells were analyzed by flow cytometry (FCM). The resulting CD45-depleted BMNCs were cultured as described previously [16] and the cells were used as Cx43 positive controls.
RNA extraction and PCR assays
RNA expression of Cx43 of 4 MSCs isolated from MM patients and MM cell lines was carried out using standard RT-PCR techniques as previously described [16] . The primers of the Cx43 were used as follows: Cx43 (BC026329) F:ATGAGCAGTCTG-CCTTTCGT and R:TCTGCTTCAAGTGCATGTCC. Cells were washed 2-4 times with PBS prior to RNA isolation. Briefly, total RNA was extracted using the RNeasy mini kit (Qiagen, Germany) and contaminating genomic DNA was removed by treatment with RNase-free DNase I (Qiagen, Germany). The PCR was optimized by 1.5 mmol/l MgCl 2 and 0.5 U of Platinum Taq DNA polymerase in a 20-μl reaction. Amplification conditions included 35 cycles at 94°C for 50 s, 62°C for 20 s, 72°C for 20 s, and a final extension of 10 min at 72°C in a thermocycler (Eppendorf, Hamburg, Germany); β-actin served as an internal control.
Construction of Cx43-NT lentiviral vectors
Molecular cloning was done by Shanghai Novobio Inc. China. DNA construct coding for amino acids 1-231 of the amino terminus of human Cx43 (Cx43NT-GFP) construction and verifying the overexpression of Cx43-NT in HUVEC cells were carried out using standard techniques as previously described [17, 18] . Briefly, for expression in HUVEC cells, a full length cDNA of amplified human Cx43
WT cDNA was cloned into a pCDNA3.1 vector (Invitrogen, USA) using a designed oligonucleotide primer pair, 5′-ATGAAGCTTATGGATTGGGGGAC-GCTG-3′ and 5′-ATGGCGGCCGCTTAGCTTGGGAAA CCTGTGAT-3′, to generate 5′ HindIII (aagctt) and 3′ NotI (gcggccgc) restriction sites for inframe ligation. The oligonucleotide primer pair was designed to preferentially amplify the Cx43-NT from the genomic DNA for the HUVEC cell line, which was: CX-NT-R; ACTGCTGGAGGGAAGGTG; CX-NT-F; TGAGTGTTACAACGAAAG; pL/to/v5/GFP/IRES/MCS-CX43-NT-R was generated with connection of the Cx43-NT-GFP sequence and lentiviral vectors through double digestion, which were transfected into 293T cells with secondary carriers. Subsequently the collected virus supernatant was infected with HUVEC cells, transfection efficiency of which was observed by fluorescence microscopy and QPCR. All constructs were confirmed by sequencing.
Cell culture, selection and characterization of Cx43-NT overexpressing cells
The HUVEC cell line (ATCC, Manassas, VA, USA) was maintained in Dulbecco's modified minimal essential medium (DMEM, Life Technologies, Inc., Burlington, ON, USA) supplemented with 10% (v/v) fetal bovine serum (Life Technologies, Inc.), at 37°C, in a humidified atmosphere containing 95% air and 5% CO 2 . These cells were used throughout this study. For transfections, the cells were split the day prior to transfection to reach 70-80% confluence. Stable HUVEC cell transfectants expressing Cx43-NT were generated by transfection, respectively, with a Cx43-NT cDNA encoding plasmid using the Lipofectamine kit (Invitrogen Corporation, California, USA) and subsequent selection for G418 resistance according to the manufacturer's instructions. Transfectants were tested by QPCR for Cx43-NT expression.
GJIC between the HUVEC and myeloma cells
The myeloma cell line RPMI8266 cells were simultaneously labeled with 10 μM calcein-AM (Invitrogen, USA) and 10 μM 1,1′-dioctadecyl-3,3,3′,3-tetramethylindo-carbocyanine perchlorate (DiI, Invitrogen, USA) for 25 min at 37°C in a 5% CO 2 fully humidified atmosphere. Cells were washed twice in PBS prior to being dropped onto receiving cells (MSCs and HUVEC Cx43-NT were > 90-95% confluent). A total of 2 × 10 4 resulting cells were seeded to the precultured MSCs and HU-VEC Cx43-NT cells and the culture was incubated for 75 min at 37°C. To block the GJIC, heptanol was dissolved in ethanol as described previously [19, 20] , so that the final concentration in the cell culture medium equaled 0.15% ethanol with 50 and 100 mM heptanol.
Prior to conducting FACS studies, the cultures were examined microscopically to confirm transfer of dye from myeloma cells to MSCs or HUVEC . For FACS analysis studies, cells were trypsinized to release MSCs and HUVEC Cx43-NT , fixed in 4% paraformaldehyde, and resuspended in FACS buffer, and then FACS analyzed on a Facstar Plus Flow Cytometer (Becton Dickinson, USA).
Co-culture of HUVEC with myeloma cell
To test the effects of Cx43 coupling on survival of MM cells, RPMI8266 and XG1 cells were plated to 6-well plates at a concentration of 5 × 10 5 /well alone or with MSCs and HUVEC Cx43-NT in medium with or without 2 × 10 -7 M/l dexamethasone. The cultures were continued for 48 h and cell numbers, viability (trypan blue assay) and annexin V/PI binding were determined by flow cytometry. In the meantime, co-culture of RPMI8266 and XG1 MM cells with MSCs and HUVEC Cx43-NT in medium containing 2 × 10 -7 M dexamethasone and 50 mM/ml heptanol was also done in the same conditions.
Transwell migration assay
We performed a transwell migration assay (Costar) using the MM cell line RPMI 8226 in the presence of MSCs or HUVEC Cx43-NT cells, which were cultured in the lower chambers. Seven groups were included in the assay: (1) 
Cytokine production
The supernatants from RPMI8266 cells alone or with MSCs and HUVEC Cx43-NT in medium with or without heptanol (50 mM/l) were collected. The IL-6, IL-10, transformating growth factor β (TGF-β), and SDF-1α concentrations were measured by Cytometric Bead Array (CBA) assay, using kits obtained from BD Biosciences Pharmingen (USA) according to the manufacturer's recommendations.
Western blotting
RPMI8266 cells alone or with MSCs and HU-VEC
Cx43-NT in medium with or without heptanol (50 mM/l) from direct co-culture systems were collected according to the methods mentioned above. Total cell lysates for Western blots were prepared by lysing cell pellets in radioimmunoprecipitation assay (RIPA) buffer. Bicinchoninic acid was used to determine protein concentrations. The lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS PAGE; Bio-Rad, USA), and transferred to polyvinylidene difluoride membranes, which were subsequently blocked in Tris-buffered saline containing 5% non-fat milk and 0.1% Tween for 1 h. The membranes were then incubated with polyclonal rabbit anti-p-Cx43 hSer368, ERK1/2, JNK, p38, NFκB (the antibodies were bought from Cell Signaling Technology) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Sigma) at 4°C overnight. Antigen-antibody complexes were detected using secondary antibodies conjugated to horseradish peroxidase (Invitrogen) and visualized by enhanced chemiluminescence (GE Healthcare, UK).
Statistical analysis
Statistical analyses of data were performed using the Statistical Package for the Social Sciences (SPSS) software version 17.0 (SPSS Inc., Chicago, IL, USA). Differences were evaluated by Student's t test and nonparametric Mann-Whitney test (significance cutoff: p < 0.05).
Results
Cx43 expressed differently among the MM cell lines and primary MM cells
The expression of Cx43 on MM cell lines RPMI 8226 and XG1 and the MSCs isolated from MM patients (n = 4) was determined using PCR assays. The results showed that both MM cells and MSCs expressed Cx43, although the expression of Cx43 in those cells was at different levels (Figure 1 A) . Western blot analysis revealed that RPMI 8226 and XG1 cells expressed Cx43 at moderate levels. All four primary MSCs from MM patients expressed Cx43 (Figure 1 B) . Generally, Cx43 expression in MSCs was stronger than that in MM cells (p < 0.05).
GJIC between MM cells and HUVEC are functional
Transfectants were confirmed by QPCR for Cx43-NT expression (Figure 2) (Figure 3 ), demonstrating that MM-HUVEC GJIC occurs.
Because our data showed that MM can couple with MSCs and HUVEC Cx43-NT cells, we wanted to confirm that the GJIC was specific. This was accomplished by using the GJ blocking agent. Heptanol was titrated into HUVEC cultures and then the cultures were analyzed by FACS analysis as above. Our results demonstrated that inhibition of dye transfer from MM to MSCs or HUVEC Cx43-NT occurred in a dose-dependent manner.
Coupling with MSCs/HUVEC
Cx43-NT protected MM cells from apoptosis in presence of dexamethasone RPMI 8266 and XG1 MM cells were incubated alone or cultured with MSCs and HUVEC Cx43-NT for 48 h in medium with or without dexamethasone. The total number of myeloma cells recovered from cultures of myeloma cells alone was significantly lower than that from co-cultures, and their viability was also significantly lower (p < 0.01), while their apoptotic rate was significantly higher than that of myeloma cells cultured with MSCs and HUVEC Cx43-NT (p < 0.01) (Figure 4 ). Both MSCs and were at low levels, and there was no IL-10 detected in the supernatant. The cytokines detected in the supernatant of RPMI 8266 cultured alone was also at a low level. The concentration of cytokines detected in supernatant of HUVEC Cx43-NT was low in comparison with MSCs, but higher than that of RPMI 8226. The level of IL-6, IL-10 and SDF-1α increased significantly after MSC and MM cells were co-cultured for 24 h (p < 0.01), and especially the levels of IL-6 and IL-10 were higher in comparison to those cells cultured alone (p < 0.001). There was no change of the level of TGF-β before and after co-culture. After blockage of the GJIC with heptanol, the levels of IL-6 and SDF-1α returned to normal, but the level of IL-10 was higher than in those cells cultured alone (p < 0.01). The same results were also obtained from RPMI 8226 cells co-cultured with HUVEC Cx43-NT . The levels of cytokines were lower than those of MSCs (p < 0.05) ( Figure 6 ).
GJ between MM cells and stromal cells involved in JNK and NF-κB signaling
In this study, in order to explore further the molecular mechanisms of Cx43 signaling in the We demonstrated that the cytokine profiles of MSCs changed when they were incubated with MM cells and MM promoted the MSCs to secrete the cytokines, which was in favor of the homing or growth of MM cells. The levels of IL-6, IL-10 and SDF-1α increased significantly after MSCs and MM cells were co-cultured for 24 h (p < 0.01) and decreased in the presence of the GJ inhibitor heptanol. We also found that the cytokines secreted by HUVEC Cx43-NT changed and the levels of IL-10 and SDF-1α increased in co-culture and decreased in the presence of heptanol p < 0.0001
MM, we investigated the changes of signaling pathways within our cell model during the Cx43 coupling in the presence and absence of the Cx43 specific inhibitor heptanol. As shown in Figure 7 , the protein levels of phosphorylated Cx43 were increased in MSCs after co-culture and pCx43 decreased significantly in the presence of the GJ inhibitor. However, the pCx43 expression of HUVEC Cx43-NT showed no marked changes whether in co-culture with MM cells or in the presence of heptanol. To understand whether the MAPK intracellular signaling molecules might be involved in the C-terminus of Cx43 in mediating the transduction of cell survival signals and thereby exerting anti-proliferative effect on MM cells, we investigated the change of MAPK pathways by Western blot assay in our cell models. We found that the expression of p38, JNK and NFκB increased, and especially the expression of p38 and JNK was significantly increased in co-culture, while it had no effect on the expression of ERK1/2. Our study showed that Cx43 coupling promotes MM cell survival via activation of p38, JNK and its downstream signal pathway.
Discussion
GJIC has been implicated in the regulation of homeostasis and a diverse array of cellular func- Figure 7 . The change of signaling molecules in medium containing GJ inhibitor in co-culture. We demonstrated that the MM coupling with MSCs enhanced the levels of phosphorylated Cx43 at the C-terminus and decreased in the medium containing GJ inhibitor (p < 0.01). The expression of p38, JNK and NFκB also increased; especially the expression of p38 and JNK was significantly increased in co-culture. We conjectured that the MAPK signaling pathway might be involved in crosstalk between them. Results are reported as relative quantitation of target molecule expression, normalized to an endogenous control (GAPDH) and relative to a calibrator tions related to cell specialization, growth and differentiation [21] . Altered expression of connexins, such as reduced expression or aberrant localization, has been reported in many tumor tissues [22] [23] [24] [25] . Such alterations prevent cell-to-cell adhesion, which is indispensible for the formation of gap junctions. In consequence, a clone of cells selectively acquires the ability for fast and unrestricted growth along with disruption of tissue integrity. Recent evidence further suggests that connexins may even facilitate late stage disease progression and metastasis [26] . Although connexins seem to be linked to tumorigenesis in the breast [21, 27, 28] , the current understanding of how these molecules are linked to cancer is relatively limited, as few studies have systematically examined the role of connexins in both early and late stages of disease progression in a unified model. The results of many studies indicate that the microenvironment created by MSCs plays an important role in supporting myeloma cells. Although it has been shown that myeloma stromal cells contribute to mature myeloma cell growth and chemoresistance, little is known about the GJ interplay between MSCs [29, 30] . We have previously demonstrated that Cx43 was expressed heterogeneously and aberrantly in MM cells. Interestingly, Cx43 expression in MSCs isolated from patients with MM was greater than that observed in both MM cells and normal MSCs [31] . To determine biochemically the function of the CX43 protein within the cells and elucidate the role of CX43 in gap junction formation, this study cloned and expressed the N-terminal part of CX43 in HUVEC cells. The studies reported herein showed that both MM cell lines and MSCs isolated from MM patients express Cx43 at mRNA and protein levels, and GJ formed between those cells was functional. MM cells also coupled with HUVEC Cx43-NT cells and formed a functional GJ between them. We confirmed the existence of GJIC among MM cells, MSCs and HUVEC Cx43-NT cells by a dye transfer assay, which occurred in a dose-dependent manner and was blocked with the GJ-specific inhibitor heptanol. Cx43 is required for MM cell survival and partially reversed the apoptosis induced by dexamethasone, as evidenced by the ability of the GJ inhibitor heptanol to enhance the MM cell apoptosis in the same conditions. We conjectured that the GJIC between MM cells and MSCs may be one of the ways involved in the crosstalk in the bone marrow niche and may have a significant impact on MM biology.
Multiple myeloma cells express various adhesion molecules such as LFA-1 and VLA-4 [32] . These molecules bind to their cognate receptor/ adhesion molecule on the surface of the MSCs and thus play an important role in the MM cells' and marrow stromal cells' interactions in vivo and in vitro [33] . Adhesion of the MM cells to MSCs activates many pathways, resulting in promotion of cell migration regulating proteins, up-regulation of numerous cytokines secreted by both MM cells and MSCs and anti-apoptotic proteins in the MM cells [34] . Our results indicated that GJ is one important way to activate the MSCs to secrete cytokines and MM cells to migration. CBA assays revealed that there were high levels of IL-10 in supernatant of MSCs cultured alone, but the others were at low levels, and the levels of IL-6 were moderately elevated in the supernatant. The cytokines detected in the supernatant of PMI 8266 cultured alone were at a low level. The levels of IL-6, IL-10 and SDF-1α increased significantly after MSC cells were co-cultured with MM cells for 24 h (p < 0.001); in particular, the level of IL-10 was higher than in those cells cultured alone (p < 0.0001). After blockage of the GJ with heptanol, the levels of IL-6 and SDF-1α returned to normal, but the level of IL-10 was higher than in those cells cultured alone (p < 0.01). There was no change of the level of cytokines before and after co-culture in the supernatant of HUVEC Cx43-NT cells with or without heptanol except the levels of SDF-1α. It has been confirmed that SDF-1α secreted by MSCs is one of the main chemokines that can induce MM cell homing and localization selectively in bone marrow. We used heptanol, a type of GJ inhibitor that can inhibit GJs composed of many types of adherens proteins including Cx43, to study the role of Cx43 in the migration of MM cells in a transwell migration assay, in which MSCs could induce MM cell migration and the process could be inhibited by heptanol. Meanwhile, we found that the level of SDF-1α was higher in the supernatant of MSCs co-cultured with MM cells compared with that of MSCs cultured alone. This was also in agreement with observations showing that connexins expression may be present in later stages of carcinogenesis, favoring the migration capacity of invasive cells [35] . The Cx43 without the C-terminal lost the function of enhancing the migration of MM cells and the GJ inhibitor had no effects on the migration of MM cells. Although there seemed to be more cells counted in the lower chamber, the difference was not statistically significant.
Though the transmembrane part and the extracellular loops are highly conserved among the different connexin isoforms, the carboxyl terminus is the most variable in length and amino acid sequence. The carboxyl terminus of several connexins contains various phosphorylation sites which play an important role in regulating GJ channel conductivity and function. Recently, a channel-independent role for connexins in intracellular signaling was suggested. Plotkin et al. [36] [37] [38] demonstrated a novel function of the C-terminus of Cx43 in mediating the transduction of cell survival signals induced by the anti-osteoporosis drugs bisphosphonates in osteoblasts and osteocytes. Their studies showed that bisphosphonates open Cx43 hemichannels and induce the interaction of Cx43 with the kinase Src, followed by activation of the ERK pathway and inhibition of osteoblast and osteocyte apoptosis. This evidence raises the possibility that a similar scaffolding function of Cx43 could be required for the survival effect of MM cells. Our results demonstrated that the protein levels of phosphorylated Cx43 were increased in MSCs after co-culture with MM cells and pCx43 decreased significantly in the presence of a GJ inhibitor (Figure 7) . However, the pCx43 expression of HUVEC Cx43-NT showed no marked changes whether in co-culture with MM cells or in the presence of heptanol. To understand the MAPK intracellular signaling molecules which might be involved in the C-terminus of Cx43 in mediating the transduction of cell survival signals so as to exert an anti-apoptotic effect on MM cells, we investigated the change of MAPK pathway associated molecules by western blot assay in our cell models. We found that the expression of p38, JNK and NFκB increased, and especially the expression of p38 and JNK was significantly increased in co-culture, while it had no effect on the expression of ERK1/2, and the up-regulated p38 and JNK expression was not inhibited in the presence of the GJ inhibitor. We conjectured that the adhesion of MM cells to MSCs may be involved apart from GJ in the crosstalk between them. Behrens et al. [39] demonstrated that expression of Cx43 augments migration via modulation of p38 MAP kinase activity. The carboxyl tail of Cx43 plays an essential role in this signaling pathway, which is independent of gap junction function. Our study was consistent with theirs and confirmed that Cx43 coupling promoted MM cell survival via activation of p38, JNK and its downstream signal pathway. Recently, Belting et al. [40, 41] demonstrated the potential role of nanotubes, exosomes, apoptotic bodies, and nucleic acid-binding peptides in the intercellular transfer of genetic information and indicated that various facets of cell biology research will revolutionize the way we perceive how cells communicate as well as the way we treat various diseases. In that respect, a better understanding of the interaction of the MM cells with bone marrow cells would provide insight into a wide array of pathophysiologies and whether this opens avenues for therapeutic intervention.
